early recurrence, and poor prognosis. 7, 8 In preclinical models, mTOR inhibition with everolimus and other rapamycin analogues prevented tumor progression and improved survival, and mTOR activation was associated with HCC recurrence. 7, 9, 10 In transgenic mice, mTOR activation caused by liver-specific Tsc1 knockout was sufficient for HCC development, 11 and in
Pten-deficient mice with constitutive mTOR activation, steatohepatitis and HCC development were induced. 12 In earlyphase clinical studies, everolimus demonstrated manageable safety and clinical activity. 13, 14 In a phase 1 study conducted in Taiwan, the maximum tolerated dose was 7.5 mg/d with a 71% disease control rate across daily doses. 13 In a phase 1/2 study conducted in the United States, the disease control rate was 44% at 10 mg/d, the maximum dose tested.
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The first Everolimus for Liver Cancer Evaluation (EVOLVE-1) study compared the efficacy and safety of everolimus, 7.5 mg/d, with matching placebo, both given with best supportive care, in patients with advanced HCC who were refractory to or intolerant of sorafenib.
Methods
EVOLVE-1 was an international, double-blind, placebocontrolled, phase 3 study. Adults aged 18 years and older with Barcelona Clinic Liver Cancer stage B or C advanced HCC 15 and radiologically confirmed disease progression during or after sorafenib therapy or sorafenib intolerance were eligible. Prior local and hormonal therapy and 0 or 1 systemic chemotherapy regimen before sorafenib were allowed. Additional inclusion criteria included current cirrhotic status of ChildPugh class A (5-6 points) without encephalopathy (calculated based on clinical findings and laboratory results during the screening period), Eastern Cooperative Oncology Group (ECOG) performance status 2 or lower, adequate organ function, and alcohol intake less than 80 g/d. Previous organ transplantation requiring immunosuppression, long-term immunosuppressive therapy, known history of HIV seropositivity, clinically significant third-space fluid accumulation, acute or chronic infectious disorders except for chronic hepatitis B (HBV) and hepatitis C (HCV) virus infection, or other severe or uncontrolled medical condition resulted in exclusion from the study. The protocol was approved by the appropriate ethics body at each participating center. The study was performed per the protocol, Good Clinical Practice guidelines, local regulations, and the ethical principles of the Declaration of Helsinki. All patients provided written informed consent.
Randomization and Masking
Patients were assigned unique identification numbers at enrollment and registered using an interactive voice-or webresponse system that randomly allocated patients 2:1 to receive everolimus or placebo. Randomization was stratified by region (Asia [China, South Korea, Taiwan, and Thailand] vs rest of the world [Australia, Austria, Belgium, Canada, France, Germany, Greece, Hungary, Israel, Italy, Japan, Spain, and the United States]) and macrovascular invasion (yes vs no). Based on possible differences in treatment patterns and disease etiology, Australia and Japan were grouped with rest of the world. A validated system randomly assigned patient numbers to randomization numbers linked to the treatment groups and medication numbers. The medication randomization list was produced by Novartis Drug Supply Management using a validated system that automated the random assignment of medication numbers to study drug packs. If necessary, emergency treatment unblinding was performed using the interactive response system.
Procedures
Patients received everolimus, 7.5 mg, once daily or matching placebo, both with best supportive care (anything believed to be in the patient's best interest, excluding other antineoplastic treatments, delivered per normal local practice). Treatment continued until progression, intolerable toxicity, or another reason. For patients unable to tolerate the protocolspecified dosing scheme, dose adjustments and interruptions per a protocol-specified algorithm were permitted. The chosen everolimus dose was based on the results of the phase 1 study of everolimus for HCC conducted in Taiwan. 13 Results of a pharmacokinetic study suggest everolimus, 7.5 mg, in patients with Child-Pugh class A liver function provides similar exposure to 10 mg given to patients with normal liver function.
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Per US Food and Drug Administration guidance on the collection of race and ethnicity data in clinical trials 17 and their potential prognostic value, race/ethnicity information was recorded on the baseline clinical report form. The clinical report form included categories of Caucasian, Black, Asian, Native American, Pacific Islander, and other for race and Hispanic/ Latino, Chinese, Indian (Indian subcontinent), Japanese, mixed ethnicity (specify), and other. Study sites were not given specific instruction regarding the collection of this information. Therefore, it is possible that for some patients, race/ethnicity information was determined by the site without input from the patient. During screening, all patients were evaluated for HBV and HCV infection (eMethods in the Supplement). To reduce viral Primary end point was overall survival, defined as time from randomization to date of death of any cause. The key secondary end point was time to progression, defined as time from randomization to date of radiologically confirmed disease progression. Other secondary end points included disease control rate, defined as percentage of patients who achieved complete or partial response or stable disease per RECIST (Response Evaluation Criteria in Solid Tumors) version 1.0, time to definitive 5% deterioration in the global quality-of-life and physical functioning scales of the European Organisation for the Research and Treatment of Cancer 30-item Quality of Life Questionnaire (EORTC QLQ-C30), and safety.
Tumors were measured by computed tomography or magnetic resonance imaging with contrast of the chest, abdomen, and pelvis at baseline, every 6 weeks until disease progression, and at study end or early discontinuation. Complete or partial responses required confirmation at least 4 weeks after initial response observation. After disease progression or start of new anticancer therapy, patients were followed up for survival every 4 weeks until the number of deaths required for final analysis was observed. Safety assessments included incidences of AEs and serious AEs and changes in vital signs and laboratory results. Adverse events were assessed according to the Common Terminology Criteria for Adverse Events version 3.0 and coded using the Medical Dictionary for Regulatory Activities.
Statistical Analysis
Sample size estimation was based on the ability to detect a 28.6% reduction in risk of death (hazard ratio [HR] for overall survival, 0.714), corresponding to a 40% prolongation in median overall survival from 5 months with placebo to 7 months with everolimus. In the absence of definitive data, the anticipated overall survival for placebo was estimated based on the difference between time to progression and overall survival observed in phase 3 studies of sorafenib for advanced HCC. 2, 3 An overall survival of 7 months for everolimus was considered reasonable based on preliminary survival observed in early-phase studies of everolimus for HCC (final data published as Shiah et al 13 and Zhu et al 14 )
. Given the 2:1 randomization scheme and 2 interim analyses planned after occurrence of the first 135 and 270 deaths, it was estimated that 449 deaths would provide 90% power to detect a clinically meaningful overall survival improvement with the use of a group sequential log-rank test with a 2.5% cumulative 1-sided significance level. Assuming uniform patient accrual, 531 patients were needed to observe the required number of deaths. When the Lan-DeMets procedure 18 with an O'Brien-Fleming stopping boundary was used to account for the 2 interim analyses in light of the 454 overall survival events at final analysis, the significance boundary for final analysis was P ≤ .023573. All randomly assigned patients who received 1 or more doses of study drug and had 1 or more postbaseline assessments were evaluated for safety. All enrolled patients were assessed for efficacy. Overall survival, time to progression, and deterioration in quality of life were analyzed by KaplanMeier methods. Study groups were compared using a stratified log-rank test (1-sided 2.5% significance level). Hazard ratios and 95% confidence intervals were estimated using a stratified Cox proportional hazards model. For analysis of overall survival, patients without a known date of death at the time of analysis were censored at the date of last contact. For analysis of time to progression, patients without radiologically confirmed disease progression at the time of analysis or receipt of further antineoplastic therapy were censored at the time of the last adequate tumor assessment before the analysis cutoff date or start date of further antineoplastic therapy. For analysis of time to definitive deterioration in quality of life, patients receiving further antineoplastic therapy before definitive worsening were censored at the date of last assessment before start of therapy; patients without worsening were censored at the date of last assessment before cutoff. Effects of potential prognostic factors on overall survival were investigated using a stratified Cox regression model including ECOG performance status, extrahepatic spread, age, sorafenib status, and baseline alpha-fetoprotein level. Time to progression was compared between treatment groups only if the overall survival difference was statistically significant. Disease control rate was compared between groups using the CochranMantel-Haenszel test, with adjustment for stratification factors. All statistical analyses were performed using SAS version 9.2 (SAS Institute).
Results
Between May 27, 2010, and March 21, 2012, 546 patients from 111 centers in 17 countries with advanced HCC whose disease progressed during or after sorafenib or who were sorafenib intolerant were randomly assigned to receive treatment with everolimus (n = 362) or placebo (n = 184) and were included in the full analysis population ( Figure 1 ). One patient in the everolimus group and 2 in the placebo group did not receive study treatment and were excluded from the safety population.
At the time of analysis (June 14, 2013), 303 deaths (83.7%) in the everolimus group and 151 (82.1%) in the placebo group had occurred, and treatment was ongoing for 0.8% of everolimus and 3.3% of placebo recipients ( Figure 1 ). The most common reasons for treatment discontinuation in the everolimus and placebo groups were disease progression (72.1% and 81.0%, respectively), AEs (16.9% and 7.6%, respectively), and consent withdrawal (5.5% and 3.8%, respectively).
Baseline demographics and disease characteristics were well balanced between treatment groups ( Table 1 ). In the total population, most patients were enrolled from the rest of the world (83.3%); did not have macrovascular invasion (67.2%); and had ECOG performance status 0 to 1 (95.4%), Barcelona Clinic Liver Cancer stage C disease (86.3%), and extrahepatic disease (74.0%). The most common disease etiologies were HBV (26.2%), HCV (25.1%), and alcohol abuse (20.0%). Before sorafenib, 15.9% of patients received another antineoplastic medication, most commonly chemotherapy (10.3%). Previous sorafenib was discontinued for progression in 80.8% and for intolerance in 19.0%; 1 patient in the everolimus group discontinued sorafenib for planned surgery for inguinal hernia.
Median follow-up duration from randomization to the cutoff date was 24.6 months (range, 14.8-36.6). Median duration of exposure to everolimus and placebo was 9.43 weeks (range, 0.1-120.0) and 8.93 weeks (range, 0.4-136.3), respectively. Median relative dose intensity was 100% (range, 27%-100%) and 100% (range, 58%-105%), respectively. After study treatment discontinuation, 38.1% of everolimus and 41.3% of placebo recipients received further antineoplastic therapy, most commonly chemotherapy (19.6% and 18.5%, respectively).
No difference in the risk of death was noted between everolimus and placebo (HR, 1.05; 95% CI, 0.86-1.27; P = .68) ( Figure 2A ). Median overall survival was 7.6 months (95% CI, 6.7-8.7) and 7.3 months (95% CI, 6.3-8.7), respectively. Overall, 91.4% of deaths in the everolimus group and 94.7% of deaths in the placebo group were the result of disease progression. Estimated overall survival rates in the everolimus and placebo groups were 67.0% and 65.6%, respectively, at 5 months, and 53.4% and 51.4%, respectively, at 7 months. Adjustment for prognostic factors did not affect the risk of death between treatment groups (HR, 1.11; 95% CI, 0.91-1.36). Prespecified subgroup analyses revealed similar results in most subgroups ( Figure 3) . The exception was HCC etiology; patients with HBV appeared to have prolonged overall survival with everolimus (HR, 0.64; 95% CI, 0.45-0.93), whereas patients with an etiology other than HBV or HCV appeared to have a shorter overall survival with everolimus (HR, 1.35; 95% CI, 1.01-1.80).
There was no apparent difference between treatment groups in time to progression (HR, 0.93; 95% CI, 0.75-1.15) ( Figure 2B ). Per the prespecified analysis plan, the statistical significance of this difference was not formally tested. At the time of analysis, 252 progression events (69.6%) in the everolimus group and 133 (72.3%) in the placebo group had occurred. Median time to progression was 3.0 months (95% CI, 2.8-4.0) and 2.6 months (95% CI, 1.5-2.8), respectively.
The disease control rate was 56.1% (95% CI, 50.8%-61.3%) and 45.1% (95% CI, 37.8%-52.6%) in the everolimus and placebo groups, respectively (P = .01) ( Table 2) . There were no complete responses. A greater proportion of placebo recipients experienced progressive disease. No significant difference in time to definitive deterioration in the EORTC QLQ-C30 global quality-of-life scale was observed (P = .47); time to definitive deterioration in physical functioning was significantly shorter with everolimus (P = .01) (eTable 2 in the Supplement).
Adverse events of any grade, regardless of relationship with study drug, were experienced by 99.2% of everolimus and 94.0% of placebo recipients ( Table 3) . Grade 3/4 AEs and serious AEs were more frequent with everolimus (70.9% vs 52.2% and 47.4% vs 35.2%, respectively). Adverse events led to treatment discontinuation in 16.6% of everolimus and 7.7% of placebo recipients and dose interruptions or reductions in 55.7% and 29.1%, respectively. Grade 3/4 AEs with incidence 5% or greater in the everolimus group (everolimus vs placebo) were asthenia (7.8% vs 5.5%, respectively), anemia (7.8% vs 3.3%, respectively), decreased appetite (6.1% vs 0.5%, respectively), HBV (as reported on AE forms) (6.1% vs 4.4%, respectively), ascites (5.6% vs 8.7%, respectively), and thrombocytopenia (5.6% vs 0.5%, respectively) ( Table 3) .
On baseline screening, 73 patients (20.2%) in the everolimus and 44 (24.2%) in the placebo group were positive for HBV-DNA or surface antigen (HBsAg). Despite antiviral prophylaxis, HBV reactivation based on central laboratory results was experienced by 27 (37.0%) everolimus and 10 (22.7%) placebo recipients. An additional 69 (19.1%) and 29 (15.9%), respectively, were negative for HBV-DNA or HBsAg but positive for 
Note that only those deaths that occurred during study treatment (ie, were the direct cause of study treatment discontinuation) are shown.
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hepatitis B surface or core antibody (HBsAb or HBcAb) and, per protocol, did not receive antiviral prophylaxis. Two of these patients, both in the everolimus group, experienced HBV reactivation. All reactivation cases were asymptomatic, although 3 everolimus recipients discontinued therapy because of reactivation. None of the 79 patients in the everolimus group or 39 in the placebo group with detectable HCV-RNA or classification of A or B, an ECOG performance status of 0, and a multinodular tumor. Stage C disease is defined as Child-Pugh classification of A or B, an ECOG performance status of 1 or 2, and portal invasion or disease that has spread to the regional lymph nodes or distant organs. f Child-Pugh score is calculated by assessing ascites (1 point for none, 2 points for slight, and 3 points for moderate), serum bilirubin level (1 point for <2.0 mg/dL, 2 points for 2.0-3.0 mg/dL, and 3 points for >3.0 mg/dL), serum albumin level (1 point for >3.5 mg/dL, 2 points for 2.8-3.5 mg/dL, and 3 points for <2.8 mg/dL), prolongation of prothrombin time (1 point for <4 seconds, 2 points for 4-6 seconds, and 3 points for >6 seconds), and encephalopathy (1 point for none, 2 points for grade 1 or 2, and 3 points for grade 3 or 4). Child-Pugh class A is a total score of 5 or 6 points, and class B is a total score of 7-9 points. g Any prior antineoplastic therapy includes patients who have had medication, radiotherapy, surgery (excluding biopsy), or local therapy for HCC. Patients could have received Ն1 prior antineoplastic therapy, although only 1 prior systemic therapy, before sorafenib.
known history of HCV infection without detectable HCV-RNA experienced HCV flare. Incidence of other AEs of clinical interest for everolimus is shown in eTable 3 in the Supplement. Seventy-five patients (13.8%) died during treatment or within the 28 days after discontinuation, with 47 deaths (13.0%) in the everolimus and 28 (15.4%) in the placebo group. Progressive disease was the primary cause of death in 36 (10.0%) everolimus and 24 (13.2%) placebo recipients. Adverse events led to death in 11 (3.0%) everolimus recipients (2 cases each of death of unknown cause and renal failure and 1 case each of cerebrovascular accident, gastrointestinal hemorrhage, interstitial lung disease, peritonitis, pneumonitis, respiratory failure, and upper gastrointestinal hemorrhage) and 4 (2.2%) placebo recipients (1 case each of cardiac arrest, gastrointestinal hemorrhage, hepatic cirrhosis, and multiorgan failure).
Discussion
No systemic therapies have been established for patients with advanced HCC for whom sorafenib fails or who cannot tolerate sorafenib, highlighting the unmet need in this setting. Since sorafenib was approved for HCC, interest in developing molecularly targeted agents in this disease has been renewed. Although most phase 3 efforts have focused on vascular endothelial growth factor-targeted agents, everolimus inhibits mTOR, another critical target implicated in hepatocarcinogenesis.
Despite the strong scientific rationale [6] [7] [8] 11, 12, [19] [20] [21] [22] and preclinical data, 7,9,10,23 everolimus plus best supportive care failed to improve survival over placebo plus best supportive care in patients with advanced HCC that progressed during or after receiving sorafenib or who were sorafenib intolerant in the EVOLVE-1 study. The known prognostic factors, including ECOG performance status and the presence of macrovascular invasion or extrahepatic disease, were well balanced between treatment groups, and adjustment for these factors did not improve the risk of death between groups. A comprehensive, prespecified subgroup analysis revealed similar outcomes in most groups. Patients with HBV appeared to have prolonged overall survival with everolimus. Whether this finding truly represents a benefit in this subgroup or rather reflects an imbalance of prognostic factors between populations requires further investigation. In EVOLVE-1, improvements in secondary outcomes, including time to progression and overall response rate, were not observed. Although the disease control rate favored everolimus, this finding should be considered exploratory given the primary end point was not met. Furthermore, any benefit could be counterbalanced by the higher AE rate observed with everolimus. Despite the negative results from the EVOLVE-1 trial, given the immunosuppressive and antitumor effects of mTOR inhibitors, the potential benefits of this class of agents in the adjuvant setting are being assessed in a phase 3 trial of sirolimus for patients with HCC after liver transplantation (NCT00355862). The AE profile observed for everolimus in this study was mostly consistent with the known safety profile of everolimus in other cancers. Hepatitis B virus reactivation, a known complication of immunosuppressive therapy, has been reported in other everolimus trials 13, 24 and in published case reports. [25] [26] [27] In the phase 1 trial of everolimus for advanced HCC, routine antiviral prophylaxis was not given, and HBV reactivation with hepatitis flare was reported in 4 of 27 patients (15%) who were HBsAg-positive. 13 In all 4 patients, reactivation resolved within 4 to 8 weeks of everolimus withdrawal and initiation of antiviral therapy. Despite preemptive antiviral therapy in EVOLVE-1, HBV reactivation based on central laboratory findings occurred in 37.0% of everolimus and 22.7% of placebo recipients who were HBV-DNA or HBsAg-positive (or both) at baseline. An additional 2.9% of everolimus recipients who were HBsAg-negative but HBsAb-or HBcAbpositive experienced HBV reactivation. Of note, all cases were asymptomatic. Our study represents the largest prospective HBV infection receiving everolimus. These results suggest antiviral prophylaxis and close monitoring may be important for everolimus recipients with underlying HBV infection. The mecha- nism and clinical significance of subclinical HBV reactivation in HBsAg-positive placebo recipients require elucidation.
The results from EVOLVE-1 extend the list of failed phase 3 studies in advanced HCC, highlighting the challenge of developing effective therapies for this cancer. In the first-line setting, 3 multikinase inhibitors-sunitinib, brivanib, and linifanib-have been compared with sorafenib, and all failed to achieve their primary end point. [28] [29] [30] Another first-line trial failed to demonstrate a survival benefit for erlotinib plus sorafenib over sorafenib alone. 31 In the phase 3 BRISK-PS study of patients with advanced HCC who progressed during or after sorafenib or who were sorafenib intolerant, brivanib failed to improve overall survival compared with placebo, despite improvements in time to progression and objective response rate. 32 Similar to BRISK-PS, median overall survival in the EVOLVE-1 control group was longer than expected, likely reflecting patient selection and improved supportive management of this population. The shorter median overall survival in the placebo group of EVOLVE-1 compared with that of BRISK-PS (7.3 vs 8.2 months) could reflect enrollment of a higher percentage of patients with poor prognostic factors in EVOLVE-1 (eg, macrovascular invasion, 32.8% vs 18%). The natural history of patients for whom sorafenib treatment failed remains to be explored. EVOLVE-1 and the other failed phase 3 studies have provided several important lessons. First, it is difficult to assess efficacy signals from phase 2 trials. For everolimus, the initial modest efficacy signal was obtained from 2 phase 1/2 
Conclusions
Everolimus did not improve overall survival in patients with advanced hepatocellular carcinoma whose disease progressed during or after taking sorafenib or who were intolerant of sorafenib. Role of the Sponsor: Representatives of the study sponsor contributed to the design of the trial. Data were collected through the sponsor's data management system and were analyzed by their statistical team. An independent data monitoring committee reviewed interim efficacy analyses and oversaw safety data. As authors of the manuscript, representatives of the sponsor contributed to data interpretation and writing, reviewing, and amending the manuscript and participated in the decision to submit the manuscript for publication.
Previous Presentation: These data were presented in part at the 2014 Gastrointestinal Cancers Symposium; January 16-18, 2014; San Francisco, California.
